In Central Europe, full-tree (FT) harvesting is an increasingly common harvesting method in steep terrain harvesting due to the increased use of highly economical processor tower yarders. In conventional FT harvesting, nutrient removal from harvest sites is substantially higher than in cut-to-length (CTL) harvesting due to the extraction of nutrient-rich branches and foliage. One strategy to reduce the adverse impact of FT harvesting is to cut off the tops of felled trees prior to extraction (topping). The purpose of this study was to assess the effect of implementing topping treatments in FT harvesting on biomass and nutrient removal. The effect of conventional FT harvesting on the amount of logging residues left on the site was assessed in three different Norway spruce (Picea abies)-dominated stands following cable yarding operations by collecting logging residues from the forest floor. The additional effect of topping trees on the amount of logging residues was assessed by using biomass models. These models were created based on the data of 25 sample trees, which were felled and sampled destructively within the stands. The results show that conventional FT harvesting considerably increases nutrient removal in comparison to CTL, but still do not remove all nutrients from the sites. After conventional FT harvesting, 5-18% of the nutrients remained on the sites. Topping trees at a diameter of 8 cm substantially increased the amount of remaining nutrients to 30-34%.
Introduction
In Central Europe, full-tree (FT) harvesting, which involves the removal of most of the nutrient-rich components of a tree from the harvesting site, has become more common in steep terrain harvesting. The main reason for the popularity of FT cable yarding is the development of so-called "processor tower yarders" in the late 1970s, which are equipped with boom-mounted processors. The use of these yarders resulted in cost-savings of about 40% for FT harvesting [1] . Today, processor tower yarders working with FT harvesting represent the state-of-the-art technology in steep terrain harvesting [1] and have largely replaced motor-manual cut-to-length (CTL) systems, where trees are delimbed and crosscut with chainsaws within the forest stands.
Another reason for the increased use of FT harvesting was the steadily growing interest in producing bioenergy from renewable resources [2] . In FT cable yarding operations, whole trees are extracted from the stand to the forest road. After processing the trees, branches and tree-tops are stacked in piles. Close to the forest road, these piles are easily accessible for follow-up machines, like chippers or grinders. As a result, the procurement costs of this material for further use is reduced because material collection and piling in the field is not necessary. There are few studies on the amount of logging residues produced by using FT cable yarding. Little is known about the effect of topping trees at different topping diameters on the remaining biomass at different developmental stages of Norway spruce dominated stands. The objective of this study was to examine the impacts of different topping diameters both (i) on the amount of logging residues and (ii) the amount of nutrients, with a focus on nitrogen, remaining on the forest sites in first and second thinning stands after cable yarding.
Materials and Methods

Study Area
The study area is located in Central Austria, approximately 120 km southwest of Vienna (48 • 11 N, 16 • 22 E) and 30 km north of Graz (47 • 04 N, 15 • 26 E) . This region is characterized by a subcontinental climate with a mean annual precipitation of 870 mm and a mean annual temperature of 7.9 • C. Average minimum temperatures in January range from −7 • C to 0 • C and average maximum temperatures in July range from 12 • C to 24 • C. The dominant soil type is brown soil. Humus form is mull and the thickness of the forest litter layer at the study sites varied between 1 cm and 3 cm, indicating medium turnover rates and moderate accumulation of nutrients.
Stand Characteristics
The study was carried out in three Norway spruce (Picea abies)-dominated stands (Table 1 ). All three stands are located close to one another (within a radius of 1 km) and are part of the same forest district. The stands differed from each other both by their age and pre-treatment:
Stand 1 represents a 58-year-old stand that had been thinned commercially at an age of 32 years. There was a strong need for a second thinning in order to increase stand stability and quality. The other two stands are much younger and were in need to be thinned commercially for the first time. In contrast to stand 3, stand 2 had been pre-commercially thinned in the thicket life stage. At all three sites, FT cable yarding operations were performed by the same crew using a truck-mounted "Wanderfalke" tower yarder, extracting partially-suspended whole trees uphill to the forest road. No job rotation was practiced during the study time. The trees were felled motor-manually by a worker equipped with a chainsaw. The faller always started working at the lowest part of the stand and continued working uphill. Almost all trees were felled downhill, directional to the cable corridor in order to facilitate the extraction of trees and to reduce stand damage on residual trees. A second worker connected several trees to single loads, which were attached to the mainline and extracted uphill to the forest road by a slack-pulling carriage. At the roadside, a boom-mounted processor head delimbed and bucked the trees.
Estimation of Logging Residues
The estimation of the amount of logging residues was carried out directly after each yarding operation. The amount of logging residues left on the sites was assessed by collecting and weighing the material from 4 m 2 sample plots (2 m × 2 m), which were selected systematically ( Figure 1 ): The plots were positioned every 40 m along the axis of the cable line; one plot located in the center of the cable corridor and two located laterally on each side of the corridor. Material, which extended beyond the edges of the sample plots, were cut at the border. The sample plots beneath the cable line represent the area of the cable corridor, assuming a corridor width of 3 m. The sample plots on the surrounding harvesting area represent the harvested area between the cable corridors, assuming a lateral yarding width of 15 m. In total, 24, 33, and 15 plots were located in the stands 1, 2, and 3, respectively. At each plot, live branches and needles were collected by hand and weighed in the forest stands using small big-bags (ca. 0.20 m 3 ) attached to a digital hanging scale with an accuracy of 0.1 g. At all three sites, FT cable yarding operations were performed by the same crew using a truckmounted "Wanderfalke" tower yarder, extracting partially-suspended whole trees uphill to the forest road. No job rotation was practiced during the study time. The trees were felled motor-manually by a worker equipped with a chainsaw. The faller always started working at the lowest part of the stand and continued working uphill. Almost all trees were felled downhill, directional to the cable corridor in order to facilitate the extraction of trees and to reduce stand damage on residual trees. A second worker connected several trees to single loads, which were attached to the mainline and extracted uphill to the forest road by a slack-pulling carriage. At the roadside, a boom-mounted processor head delimbed and bucked the trees.
The estimation of the amount of logging residues was carried out directly after each yarding operation. The amount of logging residues left on the sites was assessed by collecting and weighing the material from 4 m² sample plots (2 m × 2 m), which were selected systematically ( Figure 1 ): The plots were positioned every 40 m along the axis of the cable line; one plot located in the center of the cable corridor and two located laterally on each side of the corridor. Material, which extended beyond the edges of the sample plots, were cut at the border. The sample plots beneath the cable line represent the area of the cable corridor, assuming a corridor width of 3 m. The sample plots on the surrounding harvesting area represent the harvested area between the cable corridors, assuming a lateral yarding width of 15 m. In total, 24, 33, and 15 plots were located in the stands 1, 2, and 3, respectively. At each plot, live branches and needles were collected by hand and weighed in the forest stands using small big-bags (ca. 0.20 m³) attached to a digital hanging scale with an accuracy of 0.1 g. Figure 1 . Estimation of logging residues after conventional FT cable yarding. Sample plots were positioned systematically across the harvesting area.
During the study time, there was hardly any understory vegetation due to the high stand densities prior the harvesting operations, which facilitated the identification of fresh, green needles and branches. Nevertheless, although collecting needles and live branches was somewhat easy, it was impossible to differ between dead branches of shortly felled trees and branches that were present During the study time, there was hardly any understory vegetation due to the high stand densities prior the harvesting operations, which facilitated the identification of fresh, green needles and branches. Nevertheless, although collecting needles and live branches was somewhat easy, it was impossible Sustainability 2017, 9, 1856 5 of 14 to differ between dead branches of shortly felled trees and branches that were present prior the harvesting operation. Hence, we used data from literature [20] to estimate the biomass of dead branches, which broke during felling and extraction.
After weighing the logging residues of a plot, sub-samples were collected randomly to determine moisture content, the proportion of needles and the extent of contamination with stones or soil. Contamination was determined by using screening (particles smaller than 0.5 mm were regarded as soil) and sedimentation analyses (fast-sinking particles were regarded as stones).
Estimation of Total-Tree and Tree-Top Biomass
Stand Inventory
Prior to the harvesting operations, all trees of each study site were recorded according to DBH (diameter at 1.30 m above ground) and tree species. The associated tree and crown heights were measured randomly using a sample of at least 20 heights per stand in order to calculate species and site-specific height curves.
Felled-Tree Sampling
Across all diameter classes, eight to nine trees per stand, which were intended to be removed within the thinning operation, were chosen as sample trees (Table 2 ). Once the trees were felled, their basal diameter, DBH, total height and height to crown base were measured. Afterwards, each sample tree was cross-cut at the crown base and at stem diameters of 14, 8, 7, 6 , and 4 cm (measured without bark). The mass of the components (stem wood, dead branches, live branches) were measured separately for each section using a big-bag attached to a digital hanging scale accurate to 0.1 g. Additionally, one live and one dead branch from the middle of each section were selected for laboratory analysis according to the following procedure: at each section, the length of all branches were measured. The branch, whose length was closest to the average length of the branches of a certain section, was chosen as a sample branch. In total, a maximum of six of each, live and dead branches were selected per tree. Furthermore, stem disks were taken from the stem base and at stem diameters of 7 cm and 3 cm (measured without bark), which were subsequently divided into bark and debarked stem wood. The total moisture content Sustainability 2017, 9, 1856 6 of 14 of all samples (live branches, dead branches, bark, stem wood) was determined by drying them in an oven at 105 • C according to EN14774-2 (2009). During drying, most of the needles dropped off the live branches, which facilitated separating the needles from the branches afterwards. Ratios between fresh weight and dry weight of the samples were used to estimate their moisture content (MC) according to following Equation (1):
where m 1 is the mass of the sample before drying and m 2 is the mass of the sample after drying.
Tree Biomass Equations
Linear mixed effects models (LMMs) were used to estimate the aboveground biomass of each tree component (needles, live branches, dead branches, bark, and wood). Model forms for estimating tree-level biomass components contained tree DBH, total height (H), crown ratio (CR), and the relative basal area of larger trees (relBAL) as predictor variables. The variable "stand" was used as a random effect. The CR was calculated by dividing the live crown length of a tree by the total tree height. The BAL of a given subject tree is the sum of the basal area of all trees which are larger in DBH than the subject tree. To compare the social rank of trees of different stands, the relative basal area of larger trees (relBAL) was calculated for each tree (Equation (2)):
where relBAL hj is the relative basal area of larger trees of tree h in stand j; BAL hj is the basal area of all trees larger than tree h in stand j; and BA j is the total basal area of stand j. In order to homogenize the variance of residuals, a log-linear equation was used (Equation (3)):
where B ij is the total biomass of component i in stand j, DBH, H, CR, and relBAL are covariates, β 0 . . . 4 are model parameters, µ is an independent and identically distributed random variate that corresponds to between-stand variation, and ε is an error term. For the estimation of the biomass of each component, a three-step process was used to select the best fit model [24] :
First, we determined the optimal structure of random effects by using restricted maximum likelihood estimation (REML) to fit several LMM's, which included all main effect terms for the covariates. Different specifications of the random effect were tested (random intercept only, random slope only, random intercept, and random slope). Akaike's information criterion (AIC) was used to identify the best fitting model. The LMM with the lowest AIC or the model with the fewest parameters, when AIC values of the lowest AIC model differed by less than two AIC units, was chosen. As a second step, we defined the ideal structure of the covariates by creating models with different combinations of covariates by using the random effect structure defined in the first step. Maximum likelihood estimation was used to fit the different models. As in step 1, AIC was used to identify the best fit model. As a last step, we fit a final model using REML for the model with the selected random effect structure of step 1 and the covariate structure defined in step 2.
Heteroscedasticity of the residual variances was checked for each model using explorative data analysis. If variance heteroscedasticity of a certain model was assumed, residual variances were modelled as a function of DBH, using several variance functions in R (varFixed, varExp, varPower, varConstPower). The effects of the variance functions were evaluated using AIC.
To predict the biomass of all trees within the stands, the model was transformed back to the original scale, which imposes a prediction bias. Consequently, a correction factor (cf) was used to compensate the downwards bias emerging from transformation:
where B i(predicted) are the back-transformed biomass values for component i using Equation (3) and B i(observed) are the measured biomass values of component i of the sample trees. The statistical analyses were conducted using the nlme package [25] in R version 3.3.2 [26] .
Tree-Top Biomass Equations
The same statistical procedure as described in Section 2.4.3 was used to determine the final model for estimating the biomass of tree-tops at different topping diameters (TD). Following general form was used:
where B ijk is the total biomass of component i in stand j at a topping diameter of k cm; DBH, H, CR, relBAL, and TD are covariates, β 0 . . . 4 are model parameters, u is an independent and identically distributed random variate that corresponds to between-stand variation and ε is an error term.
Equation (5) was used to estimate the biomass of tree-tops for the components bark, wood, needles, and live branches. It was not used to calculate dead branches, due to their rare presence within the tree-tops.
Estimation of Biomass and Nitrogen Removal
If tree topping strategies are implemented in FT cable yarding, the remaining biomass consists of both:
• branches and foliage, which break off during felling and extraction (Section 2.3); • biomass of tree-tops, which remain after topping the trees at a certain diameter (Section 2.4).
Nitrogen concentrations published by Lick [20] were used to estimate the impact of different topping scenarios on nitrogen removal. Nitrogen removal by using CTL harvesting has been calculated by using Equation (3), assuming that only bark and wood fibers are extracted to the forest road and all other compartments (needles, live and dead branches) remain in the stand.
Results
Logging Residues after Conventional FT Cable Yarding
After conventional FT harvesting, 2300 kg ha −1 to 8400 kg ha −1 of biomass (8-28% of the crown biomass of all felled trees) remained at the study sites (Figure 2 ). The amount of logging residues was much higher at the second thinning stand (stand 1; 8407 kg ha −1 ) than at the two first thinning stands.
Especially at the second thinning stand, tree breakage-which mainly occurred when the felled trees hit the ground-turned out to be an important factor, which considerably increased the amount of logging residues from 4626 kg ha −1 up to 8397 kg ha −1 . Approximately 42% of the tree-tops broke off during the harvesting operation at an average diameter of 9.8 ± 3.7 cm. In contrast, tree breakage occurred less frequently at the first thinning stands. Only 1.6% and 16.6% of the trees broke at stands 2 and 3 at an average stem diameter of 5.0 ± 1.8 cm and 6.5 ± 3.3 cm, respectively.
At the first thinning stands, small, non-merchantable trees and bushes, which were felled to facilitate reaching the trees selected for removal, were left behind to keep system productivity high. Especially at stand 3, a large number of small trees (227 trees with an average DBH of 8.1 cm) was left Sustainability 2017, 9, 1856 8 of 14 behind at the forest site, which led to a significant increase of the remaining biomass from 949 kg ha −1 to 3450 kg ha −1 .
calculated by using Equation (3), assuming that only bark and wood fibers are extracted to the forest road and all other compartments (needles, live and dead branches) remain in the stand.
Results
Logging Residues after Conventional FT Cable Yarding
After conventional FT harvesting, 2300 kg ha −1 to 8400 kg ha −1 of biomass (8-28% of the crown biomass of all felled trees) remained at the study sites (Figure 2 ). The amount of logging residues was much higher at the second thinning stand (stand 1; 8407 kg ha −1 ) than at the two first thinning stands. 
Distribution of Logging Residues after Conventional FT Cable Yarding
The accumulation of logging residues was highest in the vicinity of the extraction corridors ( Figure 3) . Especially in the first thinning stands, a significantly higher amount of logging residues was located on the extraction corridor than on the harvesting area (unpaired t-test, p < 0.001). In contrast, the remaining biomass was more evenly distributed at the second thinning stand due to a larger amount of logging residues at the harvesting area. At this site, no significant differences in biomass distribution could be found (unpaired t-test, p = 0.099).
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At the first thinning stands, small, non-merchantable trees and bushes, which were felled to facilitate reaching the trees selected for removal, were left behind to keep system productivity high. Especially at stand 3, a large number of small trees (227 trees with an average DBH of 8.1 cm) was left behind at the forest site, which led to a significant increase of the remaining biomass from 949 kg ha −1 to 3450 kg ha −1 .
The accumulation of logging residues was highest in the vicinity of the extraction corridors ( Figure 3) . Especially in the first thinning stands, a significantly higher amount of logging residues was located on the extraction corridor than on the harvesting area (unpaired t-test, p < 0.001). In contrast, the remaining biomass was more evenly distributed at the second thinning stand due to a larger amount of logging residues at the harvesting area. At this site, no significant differences in biomass distribution could be found (unpaired t-test, p = 0.099). 
Additional Effect of Topping on the Amount of Logging Residues
Tree Biomass Models
The final models for estimating the amount of component biomass of a tree are presented in Table 3 . All parameter estimates of the aboveground tree component biomass models were The final models for estimating the amount of component biomass of a tree are presented in Table 3 . All parameter estimates of the aboveground tree component biomass models were statistically significant (p < 0.05) except the β 0 parameter estimate of the dead branch model. In general, the absolute amount of biomass for each component increased with greater DBH and tree height. Crown ratio (CR) explained a significant amount of variation only in the needle and dead branch models. The models show that the amount of needles significantly increases with greater CR, while the amount of dead branches decreases with greater CR. The differences between measured and back-transformed modelled biomasses turned out to be small. Table 3 . Estimated parameters of selected log-transformed aboveground tree component biomass models (Equation (3)), including model quality values (RMSE, AIC) and the bias correction factor (cf) (Equation (4)). 
Component
Tree-Top Biomass Models
The biomass of tree-tops at different topping diameters was calculated to be able to estimate the effect of different topping strategies (i.e., topping diameter) on biomass removal.
AIC values of the models ranged from 92.5 to 164. 4 and RMSE values ranged from 34% to 40% (Table 4 ). In general, the biomass of the tree-tops of each component increased with increasing topping diameter and tree height. Models, which included factors that describe the social rank of a tree (CR, BAL), showed a small predictive power (selection was based on AIC) and were, thus, not selected as final models. Table 4 . Estimated parameters of selected log-transformed tree-top biomass models (Equation (5)), including model quality values (RMSE, AIC) and the bias correction factor (cf) (Equation (4) 
Scenario Analyses
After the first thinning operations (stands 2 and 3), only 3-8% of the biomass remained at the forest sites as logging residues (Figure 4 ) after conventional FT cable yarding. The implementation of topping strategies substantially increased the amount of logging residues and, thus, reduced the extraction of nitrogen from the forest sites. Topping the trees at a diameter of 4 cm resulted in an increase of logging residues by 43-67%. The use of a topping diameter of 8 cm would even increase the amount of logging resides by 260-370%, resulting in a total amount of logging residues between 14% and 18%.
nitrogen extraction to ca. 65%. By using this topping diameter, almost half the amount of logging residues, which would remain in the stand after CTL-harvesting, were left behind in the stands. After the second thinning operation (stand 1), 7% of the biomass remained on the site after conventional FT harvesting. In contrast to the first thinning operations (stands 2 and 3), the implementation of topping strategies resulted in a slight increase of the logging residues. Topping trees at a diameter of 8 cm only increases the amount of logging residues by 40%.
However, topping of trees mainly increases the amount of nutrient-rich needles and live branches within the logging residues. Other compartments, like wood and dead branches are not affected that much. As a result, an increase in the topping diameter (within the studied range up to a topping diameter of 10 cm) leads to a progressive, strong increase of the amount of nitrogen remaining on the sites. Topping trees at 8 cm within first thinning operations limits the amount of nitrogen extraction to ca. 65%. By using this topping diameter, almost half the amount of logging residues, which would remain in the stand after CTL-harvesting, were left behind in the stands.
Discussion
The purpose of this study was to analyze the effect of different topping strategies on the amount of logging residues and remaining nitrogen after FT cable yarding operations. The results clearly indicate that FT harvesting considerably increases nitrogen removal in comparison to CTL-harvesting systems, but still does not remove all nutrients from sites. Furthermore, the results showed that-especially in first thinning operations-topping is an effective way to decrease nitrogen losses due to harvesting.
The results of the present study show large differences in nitrogen removal between the study sites during conventional FT harvesting. Factors such as tree breakage or the leaving of non-merchantable trees in the stand played decisive roles at the study sites, which both substantially increased the amount of logging residues. The findings of this study correspond with those of Hytönen and Moilanen [16] , who examined the amount of logging residues in 40-80 year old pine stands in Central Finland using ground-based harvesting machines, although they found somewhat higher amounts of logging residues after conventional FT harvesting, ranging from 32-66% of that of CTL-harvesting. Nevertheless, it has to be taken into account, that differences in factors like tree species, terrain, harvesting period, and harvesting systems may influence branch breakage and, thus, the amount of logging residues to a decisive extent.
According to the results of our study, the implementation of topping in FT cable yarding seems to be a promising strategy to decrease the negative ecological impacts of FT harvesting. Time studies already showed that the productivity of the cable yarding system decreases only marginally if topping of trees is performed [23] . Other studies on strategies, which aim to increase the nutrient pool of forest sites, including airborne fertilizer applications [27, 28] and the spreading of wood ash [29, 30] , showed much higher costs.
The results of this study clearly show that the effect of topping trees on both the amount of logging residues and the amount of remaining nitrogen is highest in first thinning operations, which are usually characterized by a high stand density and a high number of trees that need to be harvested. This result is not surprising, since the number of remaining tree-tops and, thus, the effect of topping trees at a certain diameter is directly linked with the number of harvested trees. As a consequence, the positive ecological impact of topping trees increases with the number of harvested trees. In consideration of these findings, the results of these studies demonstrate that the implementation of topping strategies is especially advantageous in early thinning operations.
However, the decision whether to top trees or not, as well as the choice of the topping diameter, is a difficult and often-studied topic for many forest companies. One relevant driver in forest management decisions, which limits the implementation of topping strategies, is the increased risk of fatal insect outbreaks. Insect species, like the European spruce bark beetle (Ips typographus), or the six-toothed spruce bark beetle (Pityogenes chalcographus) are one of the major biotic disturbances in Central European Norway spruce stands [31] . Especially, Pityogenes chalcographus is of particular interest because this beetle, in contrast to Ips typographus, prefers to attack small diameter wood, like tree-tops [32] . However, the hazard of bark beetle attacks can be reduced both, by cutting the tree-tops to smaller pieces in order to increase drying speed or by avoiding harvesting operations during spring and summer at sites with high risk of bark beetle attacks.
However, one of the main limitation of this study is that it was not possible to distinguish between pre-existing dead branches and dead branches, which broke off during the harvesting operation. An additional pre-harvest forest residue sampling may serve as one opportunity for further study to assess the amount of logging residues with higher accuracy.
Conclusions
The results of this study show that topping trees is an effective way to minimize the export of nitrogen from forest sites when using FT cable yarding. In first thinning operations, only 5-12% of the nitrogen remained at the forest sites. The implementation of topping strategies substantially increases the amount of logging residues and reduces the amount of nitrogen extraction from the forest sites, and the topping diameter substantially increased the amount of logging residues. The effect of topping trees in second thinning operations was somewhat lower. However, the effect of topping largely depends on the topping diameter. Up to a topping diameter of 10 cm, the additional amount of nitrogen remaining on the sites increases nearly exponentially with increasing topping diameter.
